A field calibration study of low density polyethylene (LDPE) for measuring atmospheric concentrations of persistent organic pollutants (POPs) was performed in East Providence (RI), USA. LDPE samplers were collected after 3, 7, 10, 14, 17 and 21 days of exposure along with samples from a co-deployed high volume sampler. Uptake kinetics of POPs by LDPEs were confirmed both by using an uptake study over time and the inclusion of performance reference compounds (PRCs). Results indicated that only POPs with log sampler-air partitioning coefficient (K PE-A) ≤ 7.6 were approaching equilibrium by the end of the deployment period, whereas all the other POPs were still in the linear uptake rate. Sampling rates (1.0-80 m 3 /d) were higher for some POPs when compared to literature values possibly due to the open sampler housing design used. Derived K PE-A s for the detected POPs in field calibration study were correlated against the compounds' octanol-air partitioning coefficients (log K OA ): [log K PE-A = 0.88+0.02 * log K OA + 0.40+0.21 (R 2 = 0.96; n = 59; SE = 0.23)], and their subcooled liquid vapour pressures (log P L , in units?): [log K PE-A = -0.82+0.02 * log P L + 6.22+0.05 (R 2 = 0.96; n = 59; SE =
0.22)] to predict values for all POPs. P L was generally found to be a better predictor of K PE-A for all POPs.
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1-Introduction
High volume air samplers have been used for years to monitor concentrations of persistent organic pollutants (POPs). Most monitoring programs still rely on active sampling for measuring atmospheric POPs. Yet high-volume samplers need maintenance, a power supply and a trained operator, and the sampling unit itself is bulky making it inappropriate for usage in remote areas [1] [2] [3] . They are also relatively expensive, which limits their applicability in large scale sampling campaigns where concurrent samples are collected 1, 4 . Accordingly, atmospheric monitoring of POPs was either not performed in many developing countries worldwide 5, 6 or tend to be restricted to a small number of sites even in the large atmospheric monitoring campaigns such as the Integrated Atmospheric Deposition Network (IADN) around the Great Lakes 1 .
To solve the problem, passive sampling techniques have been developed in response to the growing need for inexpensive and simple monitoring of atmospheric POPs. The basic theory underlying the accumulation of POPs in passive air samplers is via diffusion and absorption into the sampler matrix 7 . Natural passive samplers such as plant leaves have been used for monitoring atmospheric POPs [8] [9] [10] . However, inconsistency in contaminant uptake rates, high biological variability and variable exposure times may all make interpretation very difficult.
Synthetic passive air samplers have proven to be a powerful monitoring technique for POPs as they are cheaper and require less labour compared to active samplers [11] [12] [13] [14] [15] . By using passive samplers, more measurements can be undertaken to establish spatial and temporal trends at reduced cost. Yet many substances measured with passive sampling do not reach equilibrium during the exposure period. Ideally, this requires an in-situ calibration of the uptake process, though programs such as the Global Atmosphere Passive Sampling (GAPS) often rely on typical sampling rates. However, the major advantage is that a time-integrated concentration is obtained that can be used for compliance checking with air quality guidelines.
Different matrices have been utilized as passive samplers for monitoring atmospheric concentrations of POPs. Semipermeable membrane devices (SPMDs) were first demonstrated to be a good passive sampling medium 12, 14, 16 . Polyurethane foam (PUF) disks were then introduced and are currently the most widely used passive samplers for monitoring atmospheric POPs 2, 3, 15, 17, 18 . XAD-2 resin passive samplers were also introduced lately and were used for monitoring atmospheric concentrations of organochlorine pesticides (OCPs) 1, 19 . Other passive air samplers were developed 13, 20, 21 but their use in the field is less reported in the literature.
In recent years, low density polyethylene sheets (LDPE) have been used for monitoring of atmospheric PAHs 5, 7, 21, 22 and OCPs 6 . LDPE sheets are essentially SPMD samplers without triolein filling. As compared to other matrices for passive sampling, LDPE is the simplest (in its chemical makeup), cheapest polymer available 23 and easy to deploy.
Target analytes can be easily extracted from the PE matrix on the bench, and generally without further cleanup of the extracts (except for dioxins and furans). The sampler is versatile because it can be operated in the uptake (kinetic) or equilibrium (thermodynamic) sampling mode by varying the thickness of the PE and the exposure time (days, weeks and months). The basic theory underlying the accumulation of POPs in passive air samplers via diffusion and absorption into the sampler matrix has been detailed previously 22 (see text SI 1 for more details).
LDPE has been previously validated as passive air samplers for PAHs 5, 22 and OCPs 6 .
However, there is as of yet, no generalizable correlation that would allow the use of LDPEs across a wide range of organic contaminants. Being able to predict partitioning constants to LDPE for most POPs would enable the increased utilization of LDPE as a passive air sampler. In particular, we need to better understand uptake kinetics and equilibration times of atmospheric POPs in LDPE to accurately determine the appropriate deployment periods and predict vapour phase atmospheric concentrations.
The purpose of the current study was to calibrate the LDPE passive air samplers against the conventional active high-volume sampler by targeting 25 different OCPs, 29 PCB congeners and 12 PBDE congeners simultaneously. In particular, our goals were to (i) derive more information on field-based uptake rates; (ii) define the equilibrium times of POPs in the samplers; (iii) calculate sampler-air partitioning coefficients for the investigated POPs; and (iv) derive a general correlation enabling the calculation of LDPE-air partition constants based on easily available physico-chemical properties. For that purpose, LDPEs were deployed in East Providence (RI), USA (November-December, 2012), while continuous active samples were collected concurrently.
2-Materials and methods

2.1-Field Calibration Study Design
To determine uptake kinetics and equilibration times for POPs, 14 LDPEs were deployed at an air monitoring site in East Providence, USA ( Figure SI 1 ) from November to December, 2012. Two samplers each were collected after 3, 7, 10, 14 and 17 days of deployment and the remainder were collected after 21 days. To predict K PE-A s for the investigated POPs, a high volume sampler (TE-PNY-1123, Tisch Environmental, USA) was deployed alongside the passive samplers in East Providence to collect samples at the same time intervals (for meteorological details and sampling volumes, see Table SI 1).
Preparation and Deployment of LDPEs
LDPE sheets were cut from commercial sheeting (Carlisle Plastics, Inc., Minneapolis, MN) with a thickness of 51 µm, yielding a 10 x 30 cm strip of ~1-2 g each. Samplers were then cleaned with DCM and n-hexane and each 12-14 samplers were spiked with four PRCs at a nominal concentration of 1 µg per sampler according to Booij et al. 24 .
Selected PRCs were 2,5-dibromobiphenyl (PBB 9), 2,2',5,5'-tetrabromobiphenyl (PBB 52), 2,2',4,5',6-pentabromobiphenyl (PBB 103) and octachloronaphthalene (OCN). Once spiked, PEs were strung on stainless steel wires, placed in precleaned aluminum foil packets, numbered, and frozen in plastic bags until the time of deployment. LDPE sheets were deployed at the roof of the monitoring site (Figure SI 1) ~ 3 meters above the ground surface. Each LDPE was kept inside a dome-design sampler housing, which is a simplified version of the two inverted bowl housing, where only the top bowl was used.
Active Air Sampling
Active sampling was performed with a high volume sampler (TE-PNY-1123, Tisch Environmental, USA), equipped with a 20 x 25 cm glass fiber filter (GFF, Whatman, Piscataway, NJ, USA; precombusted overnight at 450 0 C ) and two polyurethane foam 
Extraction of LDPEs and PUFs
LDPEs were cold extracted twice in DCM and n-hexane for 24 hours each after spiking with 10 µL of a surrogate standard mixture composed of labeled OCPs, PCBs and PBDEs ( 13 C 6 -hexachlorobenzene, 13 C 12 -p,p'-DDT, 13 C 12 PCB 8, 28, 52, 118, 138, 180, 209 and 13 C 12 BDE 28, 47, 99, 153, 183; 4 ng/µL in nonane). Extracts were concentrated to ~1 mL on a rotary evaporator, solvent exchanged to hexane, and concentrated to ~25 µL.
Ten µL of 2,4,6-tribromobiphenyl (5 ng/µL), were added as an injection standard before analysis.
PUF samples were extracted using a Dionex ASE 350 (Dionex Corporation, Sunnyvale, CA 94088) accelerated solvent extraction device after spiking with the surrogate standard mixture similar to the LDPE. Extracts were concentrated to a final volume of ~1 mL using a rotary evaporator (after solvent exchange into hexane) and passed through a silica gel cartridge (Agilent AccuBOND II ) as a cleanup step. The collected fraction was concentrated to a final volume of ~ 25 µL. Finally, 2,4,6-tribromobiphenyl was added as the injection standard before analysis. Procedural blanks, field blanks, matrix spikes and duplicate samples were included with each sample batch, and were carried throughout the entire analytical procedure in a manner identical to the samples. POPs were completely absent from procedural and field blanks indicating contamination was negligible during transport, storage and analysis.
Instrumental Analysis and Quality Control
Limits of detection (LODs) were determined as the concentration of analytes in a sample giving a peak with a signal-to-noise (S/N) of 3 25 . (QA/QC procedures are detailed in text SI 3). Surrogate recoveries generally ranged from 71 % to 102 % (Text SI 3). Results were corrected for surrogate recoveries.
Calculations
Adjustments for disequilibrium using PRCs
PRCs were used to gauge whether POPs had achieved equilibrium and to adjust for disequilibrium in polyethylene (C LDPE ) assuming that uptake and elimination rates are equivalent 26 . The % equilibrium was calculated for each of the four used PRCs (Table SI 2) as:
To adjust PE concentrations of POPs for disequilibrium, an exponential relationship was determined between % equilibrium of the four used PRCs and log K OA to derive % equilibrium values for all the detected POPs. Internally consistent (adjusted for thermodynamic consistency) physico-chemical properties were chosen as far as possible for the investigated POPs (see text SI 4 and Tables SI 3-6 for more details). 
Estimation of the sampler-air partitioning coefficients (K PE-A ) and temperature adjustments
where T 2 and T 1 are the mean temperatures of the deployment and at which the partitioning properties were determined (K). 
Uncertainty associated with K PE-A calculations
3-Results and discussion
Uptake rate study
We used two approaches to characterize uptake kinetics: collecting samplers at different time points during the exposure period (21 days; approach 1), and the use of PRCs (approach 2).
Accumulation trends of POPs in LDPE (approach 1)
15 OCPs, 27 PCB congeners and 7 PBDE congeners were quantified in the passive samplers (Tables SI 10-SI 12) . Accumulation profiles of some selected POPs are shown in Figure (1) . Hexachlorobenzene, α-and γ-HCHs, heptachlor, PCB 8, 11, 18, 28, 52, 44 and BDE 2 (log K OA : 7.10-8.38) were approaching equilibrium after the 21 days deployment period ( Figure 1A) . Profiles of this group started to deviate from the linear phase after 14 days (20-11 to 4-12, 2012) although elevated gaseous concentrations (C g )
were observed in the period from December 4-11, 2012 (Tables SI 13-SI 15 ). All the other detected POPs (penta -octa PCBs, di -tetra PBDEs, endosulfans, DDTs, chlordanes and endosulfan sulfate) were still in the linear uptake phase ( Figure 1B) .
Starting from December 4 to 11, 2012, there was an observed increase in the uptake of POPs ( Figure 1B ) in this group compared to the first two weeks (November 20 to December 4, 2012) . This increase corresponded to the observed elevated gaseous air concentrations measured by the high volume sampler. However, for some OCPs (chlordanes, endosulfans, p,p'-DDD, p,p'-DDE), we observed a decrease in the uptake during the last deployment period (7-11/12/2012). This was a reflection of lower gaseous concentrations of these OCPs (Table SI 13 ) compared to the previous sampling period.
Uptake stage indication using PRCs (approach 2)
Spiking of samplers with PRCs before deployment is useful to infer the exchange rate kinetics, assuming that the elimination rates (of PRCs) and uptake rates (of native compounds) are equivalent 26 . Exchange kinetics were quantified by k e . (Figure 2A ). All the other POPs ( Figure 2B ) were still away from reaching equilibrium (< 50 %); much longer deployment times are required for them to equilibrate.
To compare approaches (1) and (2) approach (2) . % equilibrium (k e ) is calculated as shown in section 2.7.1; % equilibrium (C LDPE , C g ) is calculated from equations 3 and 4.
Sampling rates (R s )
Sampling rates (R s ) for investigated POPs were calculated as shown in equation 5:
Calculated sampling rates are given in Tables (SI 19- were expected in the current study as the LDPE sheets were deployed in a dome-design sampler housing with only the top bowl. This indeed caused an increase in the air velocity inside the housing and thus higher uptake rates.
We also estimated the average sampling rate by the nonlinear least square method according to Booij and Smedes 30 . This approach depends on the dissipation rates of all the used PRCs even if they were close to 0 or 1. The retained fraction of PRCs (f) is expressed as a continuous function of K OA (or K PE-A ) with R s as an adjustment parameter.
In the current study, we used % equilibrium instead of f as shown in equation 6:
where, t is the deployment period (days), and V LDPE is the volume of the LDPE (m 3 ).
Initially, a random R s value was chosen and % equilibrium was calculated for all the investigated analytes using equation 6 . These values were compared to the % equilibrium values calculated as shown in section 2.6.1 using a nonlinear least square model. the last (0-21 days) deployment periods respectively. These new average values were very close to those calculated using equation 6. However, the assumption that uptake could occur from surface adhering particles was never investigated for LDPE and thus, further investigation is required to determine the significance of this process.
Sampler-air partitioning coefficients (K PE-A )
PE-A partitioning constants were calculated for POPs as shown in equation SI 3 (Tables   SI 22-24) . Calculated K PE-A values for all quantified POPs were at or below their corresponding K OA values (Tables SI 2, 3 On average, values from both studies differed by only 39 % (range 9-64%, see Table SI 22). K PE-A values of PCBs (Table SI 23 ) and PBDEs (Table SI 24 RPD: 67-179 %
Correlation of K PE-A with P L
We investigated P L as a predictor for K PE-A s of POPs in the current study. When P L was used as the predictor, a strong linear K PE-A -P L relation was observed separately for OCPs, The correlation explained 96 % of the total variability in the data. The slope was insignificantly different from -1 (p < 0.001; R 2 = 0.97), implying that P L can be used as a good predictor of K PE-A , and that the magnitude of K PE-A for POPs is dominated by their volatilities. Accordingly, K PE-A values for the non-quantified POPs in the passive sampler were predicted (Tables SI 22-24) based on the derived P L -K PE-A relation.
Correlation of K PE-A with K OA
We also examined the correlation between the K PE-A s derived here, including those for PAHs that were reported previously 5 , and K OA . As shown in Figure ( 
Prediction of K PE-A for other POPs
Based on our results, the derived K PE-A -P L relation is a good general approach to predict K PE-A values for apolar and monopolar organic compounds. Accordingly, we predicted K PE-A values for PAHs (Table SI This implies that equation 7 can be successfully used to predict K PE-A values for apolar organic pollutants not included in the current field calibration study.
4-Conclusions
In recent years, LDPE sheets have increasingly been utilized as passive samplers for Our results indicated that the use of PRCs (approach 2) is useful in the characterization of the uptake kinetics. Using PRCs could potentially reduce the number of deployed passive samplers compared to the collection of passive samplers at various time points during the exposure period approach and the deployment of LDPEs with different surface area-tovolume ratio approach. Our results suggest that PEs up to 51 µm thin can be used as equilibrium samplers for POPs with log K PE-A s ≤ 7.6 while deployed for a few weeks. For
POPs with log K PE-A s ≥ 8.0 a deployment period of 1-2 months would be more appropriate based on the dissipation rates of the PRCs. Future work should investigate the significance of particle deposition on LDPE samplers with respect to POPs exchange.
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